The trafficking of subcellular cargos in eukaryotic cells crucially depends on vesicle budding, a process mediated by ARFGEFs (ADP-ribosylation factor guanine nucleotide exchange factors). In plants, ARF-GEFs play essential roles in endocytosis, vacuolar trafficking, recycling, secretion, and polar trafficking. Moreover, they are important for plant development, mainly through controlling the polar subcellular localization of PIN-FORMED transporters of the plant hormone auxin. Here, using a chemical genetics screen in Arabidopsis thaliana, we identified Endosidin 4 (ES4), an inhibitor of eukaryotic ARF-GEFs. ES4 acts similarly to and synergistically with the established ARF-GEF inhibitor Brefeldin A and has broad effects on intracellular trafficking, including endocytosis, exocytosis, and vacuolar targeting. Additionally, Arabidopsis and yeast (Saccharomyces cerevisiae) mutants defective in ARF-GEF show altered sensitivity to ES4. ES4 interferes with the activation-based membrane association of the ARF1 GTPases, but not of their mutant variants that are activated independently of ARF-GEF activity. Biochemical approaches and docking simulations confirmed that ES4 specifically targets the SEC7 domain-containing ARF-GEFs. These observations collectively identify ES4 as a chemical tool enabling the study of ARF-GEF-mediated processes, including ARF-GEF-mediated plant development.
INTRODUCTION
Structural integrity, chemical homeostasis, and, thus, the functionality of eukaryotic cells, including plant cells, depends on a complex network of intracellular membrane trafficking routes that act in concert with each other. A large number of critical components of endomembrane trafficking have been identified using various approaches; some of them are evolutionarily conserved, and some are more specific for particular model systems. Among the most prominent regulators of trafficking are ARF (ADP-ribosylation factor) GTPases that, together with their activators ARF-GEFs (ARF guanine nucleotide exchange factors), regulate the budding of trafficking vesicles (Yorimitsu et al., 2014) . ARF proteins constantly switch between active (GTP-bound) and inactive (GDP-bound) states (Yorimitsu et al., 2014) . The inactive ARF-GDP form localizes to the cytosol or associate loosely with membranes and become activated by the catalytic SEC7 domain of ARF-GEFs by exchanging GDP for GTP (Nielsen et al., 2008) . Following activation to the GTPbound state, ARFs bind to membranes and recruit cytosolic coat proteins Coat Protein Complex I (COPI), COPII, and clathrin to specific sites of vesicle budding at the Golgi apparatus (GA), trans-Golgi network (TGN), plasma membrane (PM), and endosomal compartments (Serafini et al., 1991; Bonifacino and Lippincott-Schwartz, 2003) .
The Arabidopsis thaliana genome encodes eight large (179-200 kD) ARF-GEFs, which fall into two subfamilies: the GGG class, comprising GNOM, GNOM-LIKE1 (GNL1), and GNL2; and the BIG class, comprising five members (BIG1, BIG2, BIG3, BIG4, and BIG5) (Anders and Jürgens, 2008) . The activity of ARF-GEFs and their cellular and developmental roles have been extensively studied using Brefeldin A (BFA), a fungal inhibitor of protein trafficking that specifically targets ARF-GEFs (Mossessova et al., 2003; Anders and Jürgens, 2008) .
Unlike in other eukaryotes (where all large ARF-GEFs are BFA sensitive), in Arabidopsis, two of them, GNL1 and BIG3, are BFA resistant (Anders and Jürgens, 2008) . Insensitivity to BFA is conveyed by defined residues in the conserved SEC7 domain of ARF-GEFs (Geldner et al., 2003; Richter et al., 2007) . GNOM is the most prominent of Arabidopsis ARF-GEFs, playing important roles in many aspects of plant development. These roles have been linked to the function of GNOM in controlling the cellular, polar localization of PIN proteins, which are efflux transporters for the plant hormone auxin Viaene et al., 2014; Adamowski and Friml, 2015; Nodzyński et al., 2016) .
Cellular polarity of PIN proteins at the PM is crucial for directional auxin transport and contributes to the establishment of differential auxin distributions within tissues, which mediates many polarization and patterning processes in plants (Adamowski and Friml, 2015) . To maintain their polar distribution, PINs undergo constant cycles of endocytosis and recycling between the PM and endosomes . PIN recycling is mediated predominantly by the BFA-sensitive GNOM, which was originally hypothesized to act at elusive recycling endosomes (Geldner et al., 2003) but rather seems to be associated with, and act at, GA under normal, undisturbed conditions (Naramoto et al., 2014) . ARF-GEFs are also involved in PIN endocytosis (Teh and Moore, 2007; Naramoto et al., 2010) , but this process is less BFA sensitive than PIN recycling back to the PM, thus leading to the intracellular accumulation and aggregation of PINs and other PM cargos in so-called "BFA compartments" after BFA treatment (Geldner et al., 2001) . The inhibition of PIN recycling by BFA or in Arabidopsis gnom mutants results in polarity loss and, after prolonged treatment, induces transcytosis of PIN proteins from the basal to the apical side of the cell (Kleine-Vehn et al., 2008a , 2008b . ARF-GEF-mediated PIN trafficking is also involved in the dynamic rearrangement of PIN polarity in response to light and gravity, which is crucial for plant phototropism and gravitropism, respectively (Ding et al., 2011; Rakusová et al., 2016) . BFA-insensitive GNL1 and BFA-sensitive GNOM also display distinct, but overlapping, functions at the GA, regulating retrograde COPI-dependent vesicle transport from the GA to the endoplasmic reticulum (ER) (Richter et al., 2007) . Another ARF-GEF, BFA-VISUALIZED ENDOCYTIC TRAFFICKING DEFECTIVE1 (BEN1), mediates early endosomal trafficking; correspondingly, the ben1 mutant is defective in PIN trafficking and polarity (Tanaka et al., 2009 (Tanaka et al., , 2014 . The BEN1 gene encodes the SEC7-domain containing protein AtMIN7/BIG5 (Tanaka et al., 2009) . The functionally redundant ARF-GEFs BIG1, BIG2, BIG3, and BIG4 mediate the late secretory pathway and transport of newly synthesized and recycled proteins to the cell division plane during cytokinesis (Richter et al., 2014; Doyle et al., 2015) .
The Arabidopsis ARF-GEFs substrate ARF1 is involved in retrograde trafficking from the GA to the ER and from the TGN to the endosome (Dascher and Balch, 1994; Ooi et al., 1998; Goldberg, 1999; Poon et al., 1999; Jackson and Casanova, 2000) , regulating the sequence-specific vacuolar sorting route to lytic vacuoles (Pimpl et al., 2003) and dynamin-independent endocytosis (Kumari and Mayor, 2008) . In plants, ARF1 localizes to the TGN and GA and is implicated in ER-to-GA and cargo-dependent GA-to-PM transport (Lee et al., 2002; Takeuchi et al., 2002) . ARF1 is also involved in polar localization of PIN2 in epidermis (Xu and Scheres, 2005) and the recycling of PIN to the PM (Tanaka et al., 2014) . Thus, genetic and pharmacological (specifically BFA) tools that manipulate the functions of ARFs and ARF-GEFs have been instrumental in elucidating the cellular and developmental functions of these important trafficking regulators.
In general, forward-genetic approaches in Arabidopsis have been successfully used to identify mutants defective in trafficking, whether based on developmental defects or by using subcellular markers such as PIN1-GFP to study intracellular trafficking (Tanaka et al., 2009 (Tanaka et al., , 2013 Feraru et al., 2010 Feraru et al., , 2012 Zwiewka and Friml, 2012) . Nonetheless, classical genetic approaches for studying the complexity of dynamic vesicular trafficking are often limited by mutant lethality or gene redundancy. One approach that can be used to overcome these problems is chemical genomics: Small molecules can interfere with intracellular trafficking in a dose-dependent manner, resulting in severe phenotypes (Drakakaki et al., 2011) .
Here, we characterized the compound Endosidin 4 (ES4), which interferes with endomembrane protein trafficking and directly targets SEC7 domain-containing ARF-GEFs, thus providing a tool to study the cellular and developmental roles of these crucial trafficking regulators.
RESULTS
Identification of ES4, Which Affects PIN1 Polarity in a PIN2 pro :PIN1-HA pin2 Line Chemical libraries had initially been screened using germinating tobacco (Nicotiana tabacum) pollen and subsequently on diverse Arabidopsis subcellular marker lines to select small molecules that interfere with the endomembrane trafficking system. Out of 46,418 tested chemicals, 360 were selected as inhibitors of pollen growth (Drakakaki et al., 2011; Doyle et al., 2015) ; further analysis in Arabidopsis helped to cluster these chemicals based on intracellular phenotypes (Drakakaki et al., 2011) . One of the clusters consisted of molecules affecting the basal, polar localization of PIN1 proteins in the epidermis of PIN2 pro :PIN1-GFP pin2 roots (Drakakaki et al., 2011) .
In wild-type plants, PIN2 localizes to the apical sides of epidermal cells, directing auxin from the root tip upwards. PIN2-mediated auxin transport is required for the asymmetric translocation of auxin following gravistimulation and, thus, for root growth along the gravity vector (Müller et al., 1998; Abas et al., 2006; Baster et al., 2013) . In the PIN2 pro :PIN1-HA pin2 line, replacement of endogenous, apically localized PIN2 by ectopic, predominantly basal localized PIN1 leads to agravitropic root growth . We reasoned that PIN1 apicalization would facilitate the flow of auxin in the correct direction and rescue the impaired gravity response. Of the clusters of chemicals able to apicalize epidermal PIN1 in the PIN2 pro :PIN1-GFP pin2 root (Drakakaki et al., 2011) , we analyzed a set of 11 molecules in terms of their effect on PIN1 localization and the gravity response. Three-day-old seedlings were grown on medium supplemented with chemicals for 2 d. The localization of PIN1 tagged with hemagglutinin (HA) was verified by immunolocalization with anti-HA antibodies and by analyzing the gravitropic responses of roots by turning a plate with vertically grown seedlings 90° (Supplemental Figures 1A and 1B) . Among the tested molecules (besides ES6, which is the subject of another study), ES4 ( Figure 1A ) displayed the strongest effect. ES4 strongly increased the number of epidermal cells with apically localized PIN1 (Figures 1B to 1D ) and partially rescued the gravitropic response ( Figures 1E to 1G ) of PIN2 pro :PIN1-HA pin2. Obvious changes in polar localization were observed for ectopically expressed PIN1 in PIN2 pro :PIN1-HA pin2, but not for the native apically localized PIN2 in wild-type root epidermis (Supplemental Figures 2A and 2B) .
The weak polarity mutants have a preferentially disrupted basal polar localization, leading to the basal-to-apical switch in PIN localization, pointing to a more robust control of the apical versus basal polar proteins (Kleine-Vehn et al., 2008b) . Therefore, we also examined the effect of ES4 on native basally localized PIN1 and PIN2 in stele and cortex tissue. In the cortex, dual expression of PIN2 occurs; in young cortex cells, PIN2 localizes to the basal cell side, whereas in older cells (more distant from the root tip), PIN2 polarity switches its localization to the apical cell side (Kleine-Vehn et al., 2008b) . After ES4 treatment for 48 h at a concentration of 17 µM, both PIN1 and PIN2 signals became weaker; however, neither the basal localization of PIN1 in the stele nor the basal localization of PIN2 in young cortex cells was visibly affected (Supplemental Figures 2A to 2E ). Accordingly, ES4 applied at a concentration of 17 µM did not affect the normal gravitropic response of gravistimulated wild-type roots (Supplemental Figures 2F to 2H ). The observation that PIN1 polarization was affected only when expressed ectopically is not surprising, since it is known that the ectopic basal polar localization of PIN1 in the epidermis is more sensitive to perturbations than in the endogenous situation. This was previously indicated by analysis of the regulator of PIN polarity3 mutant, which is defective in cellulose biosynthesis. This mutant also showed partial apicalization of ectopic PIN1-HA in epidermal cells correlating with the rescue of the gravitropic response, whereas the polar localization of endogenous PIN proteins was not defective in this mutant (Feraru et al., 2011) .
We also analyzed the effects of ES4 on primary root growth, hypocotyl growth, and lateral root density in the wild type. At a concentration of 17 µM, primary root length was reduced by nearly 50% (Figures 1H to 1J ) and hypocotyl length of darkgrown Arabidopsis seedlings by 25% ( Figures 1K to 1M ). The cotyledons of treated dark-grown seedlings were straight and open, compared with the control, which had closed cotyledons in the apical hook ( Figures 1K and 1L, insets) . Additionally, after ES4 treatment, the lateral root density of Col-0 seedlings was reduced ( Figure 1N ). To test whether ES4 influences the auxin response in root tissues, we used the auxin-responsive promoter DR5 pro :GUS. Treatment for 48 h with 17 µM ES4 had no visible effect compared with the control (Figures 1O and 1P) .
These studies identified ES4 as a chemical with effects on the ectopic basal polar localization of PIN auxin transporters and on multiple, possibly auxin transport-regulated processes.
ES4 Broadly Affects Endocytic Trafficking and Multiple Endomembrane Compartments
PM-localized PIN1 proteins undergo constitutive cycling between the PM and endosomes (Dhonukshe et al., 2007) . In presence of the recycling inhibitor BFA, internalized PIN1 proteins accumulate in BFA-induced intracellular agglomerations called BFA bodies (Geldner et al., 2001) . Compared with mock treatment, ES4 treatment reduced the number of PIN1-labeled BFA bodies depending on the concentration, up to 93% at (E) to (G) Gravitropic response of 7-d-old PIN2 pro :PIN1-HA pin2 seedlings grown on medium supplemented with mock or 17 µM ES4 and gravistimulated for 48 h. The white and yellow arrows mark gravity vectors after the first and second gravistimulation, respectively. Black dots on the roots indicate the localization of the root tips at the time of plate turning. In contrast to mock (E), PIN2 pro :PIN1-HA pin2 grown on 17 µM ES4 (F) shows a positive gravitropic response. Gravistimulated roots were assigned into one of the eight 45° sectors on the gravitropism diagram (G). The length of bars in the diagram represents the percentage of pooled number of seedlings from four independent experiments assigned to a respective sector. In each experiment, 7 to 16 roots per treatment were analyzed (in total, 43 roots for mock and 41 roots for ES4 treatments). Bars = 1 cm. (H) to (J) Root length of 7-d-old Col-0 seedlings grown on medium supplemented with mock or 17 µM ES4. Values represent means ± se of three independent experiments (J), each consisting of 13 to 22 analyzed roots per treatment (in total, 48 roots per treatment). Asterisks indicate significant difference between mock and ES4 treatment (two-tailed Student's t test, ***P < 0.001). Bars = 1 cm. (K) to (M) Hypocotyl length of 7-d-old Col-0 seedlings grown in the dark on medium supplemented with mock or 17 µM ES4. Insets represent magnified cotyledons. Values represent means ± se of three independent experiments (M), each consisting of 20 to 30 analyzed roots per treatment. Asterisks indicate significant difference between mock and ES4 treatment (two-tailed Student's t test, ***P < 0.001). Bars = 0.5 cm.
(N) Quantification of lateral roots density in 11-d-old Col-0 seedlings grown on medium supplemented with mock or 17 µM ES4. Values represent means ± se of three independent experiments, each consisting of at least 20 analyzed roots per treatment. Asterisks indicate significant difference between mock and ES4 treatment (two-tailed Student's t test, *P < 0.05).
(O) and (P) GUS staining of 5-d-old DR5 pro :GUS seedlings. Three-day-old seedlings were transferred to growth medium supplemented with mock (O) or 17 µM ES4 (P) and grown for 48 h. In two independent experiments, 7 to 12 roots per treatment were analyzed. Bars = 100 µm.
83 µM (Figures 2A to 2C ; Supplemental Figures 3A to 3D ). The observed effect was not specific to polar PIN1 but was also visible for the apolarly localized PM marker PIP2-GFP, since after treatment with 17 µM ES4, the number of PIP2-labeled BFA bodies significantly decreased (Supplemental Figures 3E to 3G ). To test whether the reduced number of BFA bodies after ES4 treatment resulted from inhibited endocytosis in response to ES4, we examined the uptake of the endocytosis tracer FM4-64 (Jelínková et al., 2010) . At 17 µM ES4, the internalization of FM4-64 was not affected, but the morphology of FM4-64-stained endosomes differed from that of the control (Supplemental Figures  3H to 3J ). At higher concentration (83 µM), the uptake of FM4-64 was reduced, hinting at the inhibition of endocytosis by ES4 ( Figures 2D to 2F ). Additionally, we tested the effect of ES4 on exocytosis via BFA washout in the presence of ES4: Washing removes the inhibitory effect of BFA on exocytosis, restoring vesicle trafficking to the PM and resulting in the disappearance of BFA bodies (Geldner et al., 2001) . After treatment with 25 µM BFA followed by washout with 41 µM ES4, the number of BFA bodies appeared to be slightly higher than that after washout with mock medium (Supplemental Figures 3K to 3N ). Recycling of PIN1 to the PM is inhibited by 25 µM BFA, whereas 50 µM BFA also inhibits the degradation pathway to the vacuoles, resulting in the formation of enlarged BFA bodies (Kleine-Vehn et al., 2008c) . Washout of 50 µM BFA with ES4 reduced the disappearance of BFA bodies that occurred after washout with mock ( Figures 2G to 2J ). This observation suggests that ES4, besides its effect on recycling, also affects the vacuolar trafficking pathway. Therefore, we examined the localization of FM4-64 and PIN2-GFP after treatment in the dark, as dark treatment stabilizes GFP proteins in the lytic vacuoles (Tamura et al., 2003) . After FM4-64 uptake, followed by 4 h of mock treatment in the dark, the FM4-64 dye almost completely reached the tonoplast and PIN2-GFP signal was detected in the vacuoles. After ES4 treatment at 41 µM, the morphology of tonoplasts was altered compared with the control: Vacuoles appeared more fragmented, tonoplast labeling was less pronounced, and small agglomerates of the FM4-64 signal (not present in the mock treatment) were observed ( Figures 3A to 3F) . Additionally, the vacuolar PIN2-GFP signal was less abundant after ES4 treatment, although the ratio of intracellular PIN2-GFP signal versus the PM signal was comparable with that of the control, indicating that PIN2 was internalized from the PM but was inhibited from reaching the vacuole (Supplemental Figure 4) . Furthermore, ultrastructural analysis by electron microscopy after ES4 treatment revealed enlarged and an (apparently) slightly increased number of prevacuolar compartment/multivesicular bodies (PVC/MVBs) per cell ( Figures 4A to 4D ). In Arabidopsis, MVBs that mature from the TGN/early endosome (EE) mediate transport to the lytic vacuoles . Enlarged MVBs, together with the altered FM4-64 and PIN2-GFP tonoplast staining/signal patterns, indicate that ES4 also affects the vacuolar trafficking pathway. Additionally, we observed a higher number of small vesicles in close proximity to the TGN after 2 h of 41 µM ES4 treatment compared with the mock treatment (Supplemental Figures 5A and 5B). To further examine the impact of ES4 on intracellular compartments, we tested different marker lines: BRASSINOSTEROID INSENSITIVE1 (BRI1)-GFP 4L ; Supplemental Figures 5C to 5F). At a concentration of 17 µM ES4, intracellular signal agglomerations were observed for almost all tested marker lines except VHAa1, for which the lowest active concentration inducing agglomeration was 41 µM. In the CLC2-GFP marker line, in addition to the intracellular agglomerations, we also observed a lower signal at the PM after ES4 treatment (Figures 4E and 4F) . We compared these effects of ES4 with those of BFA (treatment for 90 min at 50 µM) and found that the effects of BFA on CLC2-GFP were similar, including signal dissociation from the PM and its intracellular aggregation (Supplemental Figures 5G and 5H) . This is consistent with a role of BFA-sensitive ARF-GEFs including GNOM not only in recycling, but also to a lesser extent in endocytosis, as previously indicated (Naramoto et al., 2010) .
(PM and endosomes), CLATHRIN LIGHT CHAIN2 (CLC2)-GFP (PM and TGN), GNL1-YFP (GA and TGN/EE), GNOM-GFP, SIALYLTRANSFERASE (N-ST)-GFP (GA), and VACUOLAR H + -ATPASE SUBUNIT A1 (VHAa1)-GFP (TGN/EE) (Figures 4E to
To test the possibility that the broad effects of ES4 may be due to its cytotoxicity, we examined the influence of ES4 on cytoskeleton integrity. We used the microtubule marker line GFP-MAP4 and the actin filaments marker GFP-FABD. H 2 O 2 was used as a positive control, since it is known to have a toxic effect on all living cells (Halliwell et al., 2000) and causes depolymerization of cortical microtubules in leaf pavement cells in Arabidopsis (Yao et al., 2012 ). Treatment with 2 mM H 2 O 2 affected both the microtubule and actin filament markers, whereas treatment with ES4 had no visible effect on cytoskeleton integrity ( Figures 4M to 4R ).
These observations show that ES4 affects many intracellular trafficking processes, including endocytosis, recycling, and vacuolar trafficking in a manner similar to the established trafficking inhibitor BFA, suggesting possible overlapping actions of these compounds.
ES4 Targets ARF-GEF-Dependent Processes
To gain further insight into the mode of action of ES4, we tested the sensitivity of different Arabidopsis trafficking mutants to ES4 by measuring their root length after growth on ES4-supplemented medium ( Figure 5A ). Among all tested lines, the gnl1-2, gnl1-3, and ben1-2 mutants-defective in different ARF-GEFs-displayed the highest sensitivity to ES4 ( Figure 5B ). Mutation in another ARF-GEF, GNOM, known for its important function in PIN protein trafficking (Geldner et al., 2003; Naramoto et al., 2014) , resulted in agravitropic, short roots that made the analysis after ES4 treatment more difficult to interpret. In contrast, 35S pro :PID-21 plants overexpressing PINOID (PID) kinase, which phosphorylates PIN proteins and promotes their localization to the apical sides of cells (Michniewicz et al., 2007) , appeared to show slight resistance to ES4 ( Figure 5A ). PID kinase-mediated apical PIN polarity has been shown to be independent from GNOM trafficking (Kleine-Vehn et al., 2009), whereas ES4 preferentially affects the basal PIN cargo without strongly affecting the apical PIN proteins, thus explaining the partial ES4 resistance of this line. Other trafficking-related or auxin-related mutants, such as roots curl in NPA (rcn1), auxin resistant (axr), 35S pro :PIN1, clathrin heavy chain (chc), sorting nexin1 (snx1), vesicle transport v-snare (vti12), and big3, did not show an observable difference in sensitivity to ES4 ( Figure 5A ). These observations suggest a link between ES4 activity and ARF-GEF-dependent processes.
BFA is a well-characterized inhibitor of SEC7 domain-containing ARF-GEFs. Like plants under ES4 treatment, gnl1 showed increased sensitivity to BFA (Figures 6A and 6B) . Moreover, the combined treatment with BFA and ES4 completely inhibited germination in gnl1 mutants compared with single treatments with BFA or ES4. In BFA-treated gnl1, the activities of both ARFGEFs, GNOM and GNL1, are inhibited (Richter et al., 2007; Teh and Moore, 2007) . GNOM can functionally substitute for GNL1 in the GA-ER-dependent pathway, but not vice versa (Richter et al., 2007) . Accordingly, after BFA treatment, the BFA-sensitive protein GNOM cannot substitute for GNL1 in the gnl1 mutant, resulting in strongly reduced primary root growth. Similarly, the ben1 mutant is also hypersensitive to both BFA (Tanaka et al., 2013) and ES4 treatment ( Figure 5A ). Among the four BIG ARFGEFs that play redundant roles in regulating post-GA trafficking, BIG3 is the only one that is insensitive to BFA; hence, BFA ) and mean number of BFA bodies per cell (C). Five-day-old seedlings were pretreated for 30 min with mock or 83 µM ES4 before 25 µM BFA was added for an additional 90 min. Values represent means ± se of four independent experiments, each consisting of 4 to 17 analyzed roots per treatment (in total, 41 roots per treatment) (C). The number of BFA bodies was counted for 10 cells in the stele of each root. Asterisks indicate significant difference between mock and ES4 treatment (two-tailed Mann-Whitney U test, ***P < 0.001). Bars = 10 µm. (D) to (F) Uptake of endocytic tracer FM4-64 (2 µM) after 10 min. Five-day-old Col-0 seedlings were pretreated for 2 h with mock (D) or 83 µM ES4 (E). FM4-64 uptake was quantified by dividing the mean gray value of the fluorescent signal inside the cell to the adjacent PM signal (F). Values represent means ± se of three independent experiments, each consisting of 5 to 11 analyzed roots per treatment. Asterisks indicate significant difference between mock and ES4 treatment (two-tailed Student's t test, *P < 0.05). Bars = 10 µm.
) and number of BFA bodies per cell after washout with ES4 (J). Five-day-old seedlings were treated for 2 h with 50 µM BFA (G), followed by 30 min of washout with medium complemented with mock (H) or 41 µM ES4 (I). Values represent means ± se of three independent experiments (J), each consisting of 4 to 11 analyzed roots per treatment (in total, 16 to 23 roots per treatment). The number of BFA bodies was counted for 5 to 49 cells in the stele of each root. Asterisks indicate significant difference between mock and ES4 washout (two-tailed Mann-Whitney U test, **P < 0.01). Bars = 10 µm.
treatment of big3 but not the other big mutants results in more pronounced inhibition of plant growth (Richter et al., 2014) . In contrast, the big3 mutant displayed a level of sensitivity to ES4 similar to that of the wild type ( Figure 5A ).
To characterize the effects of ES4 and BFA, we tested the sensitivity of plants to a range of BFA concentrations in combination with ES4 ( Figure 6C ). ES4 inhibited root growth in PIN1-GFP plants. BFA in concentrations ranging from 0.5 to 2.5 µM did not visibly reduce root growth in the tested lines. However, when BFA and ES4 were combined, the root length of the wild type was shorter than that of plants grown separately on each of the chemicals, pointing to their additive or synergistic effects.
These results further suggest that ES4 acts similarly to BFA and presumably targets SEC7 domain-containing ARF-GEFmediated processes.
ES4 Interferes with ARF-GEF-Dependent Activation of ARF1
Previous experiments suggested that ES4 might target ARF-GEF proteins. The direct role of ARF-GEFs is to activate ARF1 proteins by catalyzing the exchange from GDP to GTP. Activated, GTP-bound ARFs recruit coat proteins from the cytosol to the membranes and initiate vesicle formation and transport processes (Beck et al., 2009) .
We tested the impact of ES4 on the wild type (ARF1 WT ), GTPlocked (ARF1 Q71L ), and GDP-locked (ARF1
T31N
) forms of ARF1 (Xu and Scheres, 2005) in transgenic Arabidopsis plants. The expression of these constructs coupled to fluorescent protein tags was driven by the Arabidopsis heat shock-inducible promoter of HEAT SHOCK PROTEIN18.2 (HSP18.2). For activation, the lines were incubated for 2 h at 37°C, followed by chemical treatment for 2 h at room temperature. ARF1 WT -EYFP localized to the GA structures and endocytic organelles (Xu and Scheres, 2005) ( Figure 7A ). After treatment with 17 µM ES4, the EYFP label was agglomerated and partially localized to the cytosol ( Figure 7B ), which was also reflected by reduced number of aggregations after treatment ( Figure 7G ). A higher (41 µM) concentration led to an almost completely cytosolic fluorescence signal ( Figure 7C ) and a further reduction in aggregation number ( Figure 7G ). Similar cytosolic localization and no organellar labeling were observed for the inactive GDP-locked ARF1 T31N form (Supplemental Figures 6A and 6B) . On the contrary, the GTP-locked ARF1 Q71L form was more often associated with membranes than the wild-type ARF1
WT form ( Figures 7A and 7D) . Importantly, GTP-locked ARF1 Q71L was resistant to ES4 treatment and, in contrast to ES4-treated ARF1 WT , the cytosolic fluorescent signal did not increase ( Figures 7E and 7F) . Also, the number of agglomerations after ES4 treatment was similar to that of the mock control ( Figure 7G ).
These results provide strong support for the notion that ES4 inhibits the activity of ARF-GEFs, which is required for the activation of ARF1
WT and its binding to membranes. The permanently activated GTP-bound and already membrane-bound ARF1 Q71L does not require ARF-GEF activity and is therefore unaffected by ES4 treatment, whereas the GDP-locked ARF T31N form shows a localization similar to that of ES4-treated ARF1
WT (wild-type form), i.e., an inactive, cytosolic localization.
ES4 Targets SEC7-Containing ARF-GEF-Mediated Processes in Yeast
All results obtained from the experiments with Arabidopsis described above are consistent with the notion that ES4 acts in an inhibitory fashion on ARF-GEFs. As these ARF-GEFs are evolutionarily conserved, we tested the effect of ES4 in yeast. Many proteins in plants and yeast share some conserved sequences, enabling one to search for or confirm known targets from plants that are also found in yeast (; Klutstein et al., 2008) . We therefore performed a yeast growth assay on a set of heterozygous yeast deletion strains, including strains with deletions in subunits of the COPI coatomer (a protein complex that coats membranebound transport vesicles) and ARF-GEFs (Supplemental Table  1 ). Treatment of heterozygous yeast strains has been reported to trigger drug-induced haploinsufficiency, meaning that a deletion of one gene copy in diploid cells results in increased sensitivity to the applied chemical (Giaever et al., 1999; Baetz et al., 2004) . To determine the sensitivity of yeast to ES4, the wild-type diploid yeast strain (BY4743) was grown in liquid culture with a range of ES4 concentrations (Supplemental Figure 7A) . At a concentration 41 µM, ES4 severely inhibited yeast growth, whereas 17 µM ES4, the concentration used for the Arabidopsis experiments, slightly reduced yeast growth and therefore was chosen for the growth assays of heterozygous deletion strains. From the tested deletion strains, the only mutant that displayed severely increased sensitivity to ES4 was a sec7/SEC7 ARF-GEF line (Figures 7H and 7I; Supplemental Figures 7B to 7H) . SEC7p is the major ARF-GEF in yeasts and is required for membrane trafficking from the ER to and through the GA and from the TGN (Franzusoff et al., 1991; Deitz et al., 2000; Richardson et al., 2012) . Like the other ARF-GEFs, SEC7p contains a highly conserved SEC7 domain that was first identified in this protein, from which its name was derived (Achstetter et al., 1988) . A line deficient in SEC12, a GEF that activates another GTPase (Sar1) not from the ARF class, was not affected by ES4 (Supplemental Figure 7H ). ES4 also had no effect on the deletion strains of the COPI subunits α-COPI (RET1), β-COPI (SEC26), β'-COPI (SEC27), γ-COPI (SEC21), δ-COPI (RET2), and ζ-COPI (RET3). Two other major ARF-GEF proteins involved in the ER-GA secretory pathway in yeast, GEA1p and GEA2p, play redundant roles in ARF1 activation at the early GA compartments to regulate COPI-mediated vesicle formation (Peyroche et al., 1996 (Peyroche et al., , 2001 . Strains with a complete knockout of GEA1p protein showed a level of ES4 sensitivity comparable to that of the wild type (Supplemental Figures 7I and 7J) , presumably due to the presence of the second redundant protein, GEA2p.
These results are in line with the observations from Arabidopsis and confirm that in yeast, the mode of action of ES4 is also related specifically to the SEC7-domain-containing ARF-GEFs.
ES4 Directly Binds to a Subset of Arabidopsis SEC7-Containing ARF-GEFs
To biochemically validate ARF-GEFs as potential direct binding targets of ES4, we took advantage of the drug affinity responsive target stability (DARTS) assay (Lomenick et al., 2009 ) and tested the proteolytic degradation of all Arabidopsis ARF-GEFs excluding BIG2 in the presence of ES4 in lysates of Arabidopsis cell cultures. We used specific antibodies to detect GNOM and BIG5 in wild-type cell cultures and generated cell lines expressing HA-tagged ARF-GEF versions to allow for detection with anti-HA antibodies. BFA was used as a positive control, since it is a well-known noncompetitive inhibitor of BFA-sensitive ARF-GEFs (Mossessova et al., 2003; Renault et al., 2003) . As expected, treatment with BFA resulted in protection from proteaseinduced degradation of the BFA-sensitive ARF-GEF GNOM ( Figures 8A and 8B ). When ES4 was tested, we found that this compound stabilized the BFA-sensitive proteins GNOM, BIG1, BIG4, and BIG5 ( Figures 8A and 8B ). Our DARTS experiments with the BFA-resistant BIG3 protein showed a borderline response to ES4 treatment, while GNL1 and GNL2 were equally digested by pronase in the presence or absence of ES4 ( Figures  8A and 8B ), thus not supporting the binding of these ARF-GEFs by ES4.
Collectively, these results indicate that ES4 selectively interacts with some, but not all, Arabidopsis ARF-GEF proteins, which is fully consistent with the observed effects of ES4 on trafficking and development, and in particular with ES4 inhibiting the activation of ARF proteins.
ES4 Target Sites Predicted by Docking Simulations
Next, we used ligand-docking simulations to obtain insights into the possible binding sites of ES4. No crystal structure of an Arabidopsis SEC7-containing ARF-GEF has thus far been resolved. Nonetheless, based on sequence comparisons, the SEC7 catalytic domain from all ARF-GEFs is highly conserved (Cox et al., 2004) . We therefore attempted to predict the target site of ES4 by docking on the liganded crystal structures of Saccharomyces cerevisiae ARF1-GDP bound to the GEA1-SEC7 domain complexed with BFA (PDB entry 1RE0; 40% overall sequence identity with Arabidopsis GNOM ARF-GEF) (Mossessova et al., 2003) and the human ARNO-cytohesin SEC7 domain in complex with inhibitor N-(4-hydroxy-2,6-dimethylphenyl) benzenesulfonamide (PDB entry 4JWL; 43% overall sequence identity with GNOM) (Rouhana et al., 2013) . In the ARF1-SEC7 complex (1RE0), BFA binds tightly in a cavity at the interface between ARF1 and SEC7, while residues 48 to 52 of ARF1's long switch-1 element loop reside in a hydrophobic groove of SEC7, of which all contact-involved residues are highly conserved. In the ARNO (A) Quantification of root growth sensitivity of the wild type (Ws, Ler, and Col-0), mutants (rcn1, van7, gnom R5 , axr2-1, axr1-12, chc1-2, snx1-1, vti12, chc2-2, big3, ben1-1, ben1-2, gnl1-3, and gnl1-2) , and overexpression lines (35S pro :PID21 and 35S pro :PIN1). Seedlings were grown for 7 d on growth medium supplemented with mock or 17 µM ES4. Ratio of root lengths grown on ES4 to those grown on mock was calculated. Values represent means ± se of three independent experiments, each consisting of 5 to 32 analyzed roots per treatment for each line. Asterisks indicate significant difference between mutant and corresponding wild type (two-tailed Student's t test, **P < 0.01 and ***P < 0.001). (B) Representative images of the ES4 sensitivity of gnl1 mutants manifested by a highly reduced root length compared with the control. Wildtype, gnl1-2, and gnl1-3 seedlings were grown for 7 d on growth medium supplemented with 17 µM ES4. Bars = 10 µm. SEC7 complex (4JWL), its cocrystallized inhibitor resides in a depression along the hydrophobic groove that recognizes the ARF's switch-1 element loop.
With only the SEC7 domain of 1RE0 and of 4JWL, blind (search space encompassing the whole SEC7 domain) and local (search space encompassing the depression in the SEC7 domain where 4JWL's ligand resides) redocks of 4JWL's ligand yielded essentially the same docking pose, as it is observed in the 4JWL crystal structure in the depression along the hydrophobic groove that is recognized by an ARF switch-1 element loop. Dockings with ES4 predict a similar docking pose in the same depression, also with similar or slightly higher predicted affinities (Figure 9 ; Supplemental Table 2 ).
Blind dockings using the BFA-emptied 1RE0 ARF1-SEC7 complex suggest another possible binding site. A redock of BFA yielded the same docking pose as observed in the interfacial cavity of the crystal structure. ES4 also docks in the same cavity with promising poses where the flat aromatic system of ES4 can have sandwich-type overlaps with the aromatic amino acid residues from ARF1 that are lining this cavity, i.e., Phe-51, Trp-66, and Tyr-81, and showing a 3 Å proximity of the ES4's nitro group to Trp78's NE1 nitrogen ( Figure 9A ).
To summarize, our docking simulations show that ES4 docks with similar affinities to those of 4JWL's ligand and BFA to their respective protein regions; however, thus far, we cannot definitely state which zone is the actual ES4 target site.
ES4 Does Not Inhibit the Activation of ARF1 by SEC7 Domains from Different ARF-GEFs
To compare the biochemical action of ES4 and BFA, we heterologously produced and purified three different SEC7 domains from human ARF-GEFs, including the SEC7 domain of the large ARF-GEF BIG1, which is sensitive to BFA and the SEC7 domains of ARNO and BRAG2, which are resistant to BFA. The human SEC7 domains share 29 to 52% sequence identity with the SEC7 domains of the eight Arabidopsis ARF-GEFs, which is in the same range as the sequence identity between the Arabidopsis BIG and GNOM/GNL groups (38-48%). Of note, BIG1, ARNO, and BRAG2 are inhibited by the small molecule AMF-26, and ARNO is also inhibited by SECIN-H3 (Benabdi et al., 2017) . ES4 had no effect on nucleotide exchange on ARF1 catalyzed by any of these SEC7 domains (Figure 10 ; Supplemental Figure 8 ). It also did not inhibit full-length ARNO and a longer BRAG2, both of which carry membrane binding Figure 6 . Characterization of the Sensitivity of GNL1 ARF-GEF and PIN1-GFP to ES4 and BFA.
(A) and (B) Quantification of root growth sensitivity of 7-d-old Col-0, gnl1-2, and gnl1-3 seedlings grown on medium supplemented with mock, 2.5 µM BFA, 17 µM ES4, or 2.5 µM BFA plus 17 µM ES4. Three independent experiments were performed with similar results. Values represent mean ± sd of at least 13 roots analyzed per treatment from one representative experiment. Asterisks indicate significant difference between treatment and mock (two-tailed Student's t test, ***P < 0.001). Bars = 10 µm. (C) Root growth sensitivity of PIN1-GFP to ES4 and BFA. Seven-day-old seedlings were grown on medium supplemented with mock, 17 µM ES4, BFA (1, 1.5, 2, and 2.5 µM), and ES4 together with BFA. Values represent means ± se of 10 to 22 analyzed roots per treatment. Different letters indicate statistically significant differences between treatments (ANOVA, P < 0.05). Asterisks indicate statistically significant differences between genotypes (two-tailed Student's t test, *P < 0.05 and ***P < 0.001).
elements. We conclude from these experiments that ES4 does not inhibit representative human SEC7 domains with high sequence identity to Arabidopsis ARF-GEFs, suggesting that it blocks the functions of Arabidopsis and other ARF-GEF via a more complex mechanism: either not binding the SEC7 domain directly or requiring a more natural membrane environment for its inhibitory activity.
DISCUSSION ES4 Specifically Interferes with ARF-GEF-Dependent Trafficking
Here, we identified and characterized a chemical compound that affects endomembrane trafficking, particularly the . Asterisks indicate significant difference between mock and ES4 treatment (two-tailed Student's t test, *P < 0.05 and ***P < 0.001). Bars = 10 µm. (H) and (I) Growth curves of wild-type (H) and sec7/SEC7 (I) heterozygous deletion strains of yeasts grown in YPD liquid medium at 28°C under mock and 17 µM ES4 treatment. OD 600 was measured every 2 h. Values represent means ± se of three independent experiments, each consisting of three technical replicates. Asterisks indicate significant difference between mock and ES4 treatment (two-tailed Student's t test, *P < 0.05, **P < 0.01, and ***P < 0.001).
ARF/ARF-GEF-dependent pathway. ES4 works in a dosedependent manner, slowing down or inhibiting multiple trafficking processes including endocytosis, recycling, and trafficking to the vacuole. ES4 treatment changes the basal polarity of ectopically expressed PIN1 without visibly affecting the localization of native PIN. This effect is in accordance with previous findings (Kleine-Vehn et al., 2008b) , showing that the polarity of ectopic basal PIN1 in the epidermis is easily perturbed by trafficking defects. ES4 does not specifically affect PIN trafficking, but it does interfere with vesicular routing of other PM proteins. Defects at the cellular level are mirrored by macroscopically observed phenotypes, including inhibited primary root and hypocotyl growth and a decrease in lateral root density, revealing that ES4 is an inhibitor of a broad range of trafficking processes.
A number of independent experimental approaches strongly indicate that ES4 specifically acts on ARF-GEFs: (1) gnl1 and ben1 mutants defective in different ARF-GEFs show the highest ES4 sensitivity; (2) ES4 affects the subcellular localization of ARF-GEF substrates-the ARF1 proteins; (3) the wild-type version of ARF1 is sensitive to ES4, but the GTP-locked ARF1 Q71L , which does not require functional ARF-GEFs for its activation, is resistant to this compound; (4) the sec7/SEC7 yeast deletion mutant, which is defective in the major ARF-GEF-regulating subcellular trafficking in yeast (Wolf et al., 1998) , shows the highest (A) DARTS analysis of the susceptibility of protein to proteolytic degradation in the presence of 250 µM BFA or 250 µM ES4. Total protein extracts from Arabidopsis PSB-D cell cultures were incubated with the respective compound and then challenged with different dilutions of protease. The ARF-GEF protein levels were detected through protein gel blot analysis. ATPβ was used as reference protein control. (B) Quantification of the protein band intensity reveals that the presence of ES4 stabilizes all Arabidopsis ARF-GEFs with exception of GNL1 and GNL2. Values represent means ± se of representative immunoblots from three biological repeats. Asterisks indicate significant difference between BFA (or ES4) and DMSO treatments (two-tailed Student's t test, ***P < 0.001, **P < 0.01, and *P < 0.05).
sensitivity to ES4; (5) in the DARTS assay, ES4 stabilizes (suggesting its binding) several members belonging to the two protein subfamilies of large ARF-GEFs in Arabidopsis, i.e., GNOM from the GBF/Gea subfamily and the BIG/SEC7 proteins BIG1, 3, 4, and 5; and (6) docking simulations support the binding of ES4 to the SEC7 domain of ARF-GEFs with an affinity comparable to that of the established ARF-GEF inhibitor BFA. All of these results strongly suggest that ES4, similar to BFA but with a different mechanism and/or specificity, inhibits ARF-GEF-dependent pathways, presumably by directly targeting members of the SEC7 domain ARF-GEF class.
ES4 Works in a Similar but Not the Same Manner as BFA
Vesicle trafficking in plants and other eukaryotes is regulated by ARF proteins, whose activity is controlled by ARF-GEFs. The most well known and widely used chemical, BFA, inhibits most of the large ARF-GEFs in plants, except GNL1 and BIG3. Although our biochemical and root sensitivity experiments demonstrated that ES4 affects ARF-GEFs, as does BFA, these compounds appear to have different potencies against the same targets. The most pronounced difference is the lack of BFA body-like structures after ES4 treatment. Additionally, in contrast to BFA treatment at instances where PIN1 protein localization at the PM becomes nonpolar, ES4 does not exert a similar effect. Moreover, ES4 overcomes the effects of BFA on the formation of BFA bodies. One possible explanation is that ES4 has higher affinity for ARF-GEFs, which act upstream of GNOM in the endocytic trafficking of PIN from the PM. The ARF-GEF BIG5/MIN7/BEN1 was shown to play a role in the early endocytic pathway at the level of early endosomes (Tanaka et al., 2009) , whereas GNOM plays a role in recycling processes, which direct PIN1 back to the PM. In line with this, ben1 has a reduced number of BFA bodies after BFA treatment (Tanaka et al., 2009) . Our DARTS assays suggest that BIG5 has the greatest affinity to ES4, consistent with a strong effect on early endocytic trafficking of PIN1, thus preventing its accumulation in more interior BFA bodies.
Moreover, the ARF-GEF BIG3 is resistant to BFA (Nielsen et al., 2006) and according to our DARTS assay has only a moderate affinity to ES4. Additionally, BIG1 and BIG4, which share redundant functions with BIG3, are sensitive to both ES4 and BFA. However, miscellaneous phenotypes were obtained after treatment of the big3 mutant with ES4 or BFA. It was reported that big3 had impaired seed germination and seedling root growth (Richter et al., 2014) after BFA treatment, whereas ES4 had no effect on root growth in big3 compared with the control. This could indicate that BIG1 and BIG4 are less sensitive to ES4 than to BFA.
The inactive GDP-bound form of ARF GTPases is cytosolic, and its conversion by ARF-GEF proteins to an active GTPbound form induces membrane association (Nielsen et al., 2008) . It was reported that BFA treatment results in agglomeration of signals from wild-type ARF1-GFP (Xu and Scheres, 2005) , which is consistent with the finding that the abortive complex of ARF-GDP-SEC7-BFA is able to bind to membranes due to its intermediate level of membrane affinity between ARF-GDP and nucleotide-free ARF1-SEC7 (Béraud-Dufour et al., 1999; Mossessova et al., 2003) . On the other hand, our observations show that ARF1
WT -EYFP treated with ES4 localizes to the cytosol ( Figure 7C ). These diverse responses of ARF1
WT -EYFP suggest that ARF-GEFs inhibited by either ES4 or BFA have different effects on ARF proteins. This notion is also supported by the results of a nucleotide exchange assay, where a change in tryptophan fluorescence reflects a conformational change of ARF-GDP into ARF-GTP (Benabdi et al., 2017) . We show that ES4 does not inhibit GDP to GTP exchange by any of the tested SEC7-containing ARF-GEFs, unlike BFA, which specifically inhibits large Golgi ARF-GEFs such as BIG1 (Benabdi et al., 2017) . Although the structural basis for the activation of large ARF-GEFs of the BIG and GBF1/GNOM families and their binding to membranes is currently not well understood, it is more than likely that large conformational rearrangements take place through their interactions with other proteins and with membranes. These conformational changes provide potential opportunities for inhibition by small molecules. In the case of ES4, our kinetic data rule out a simple competition mechanism with the ARF binding site on the SEC7 domain and favor a mode of action where ES4 affects a regulatory mechanism instead.
Years of experimentation and the discovery of its target, the SEC7 domain of ARF-GEFs (Peyroche et al., 1999) , have established BFA as an important tool for dissecting endomembrane trafficking pathways. ES4 is an ARF-GEF inhibitor that targets a subset of members of this family with different specificity compared with BFA, which in turn determines the differences in the intracellular phenotypes observed in the presence of these compounds. ES4 has a clear potential to become an important tool to dissect different roles of ARF/ARF-GEF-dependent trafficking pathways, including those in polar targeting. Future work should focus on defining the precise mode of action of this inhibitor. Nonetheless, at this stage of knowledge, ES4 already enables the targeted manipulation of ARF-GEF-mediated processes, circumventing the obstacles posed by BFA-insensitive ARF-GEF versions.
ES4 Treatment Confirms a Role for ARF-GEF-Dependent Trafficking in the Basal Polarity of PIN
Two of the characterized ARF-GEF mutants, gnom and ben1, displayed defects preferentially in the basal trafficking of PIN1 proteins, indicating a role for GNOM and BEN1 in the regulation of this process (Kleine-Vehn et al., 2008a; Tanaka et al., 2009 Tanaka et al., , 2013 . In the partial loss-of-function gnomR5 mutant, the basal-to-apical shift of PIN1 in the stele and of PIN2 in the cortex was demonstrated, whereas in ben1, the defect was weaker, leading to less pronounced basal localization. We originally identified ES4 as a compound causing the basalto-apical shift of ectopically expressed PIN1. The observation that ES4 interferes specifically with ARF-GEF-mediated processes confirms the important role of ARF-GEFs in trafficking of basal PIN cargos. Initially, it was suggested that GNOM localizes to endosomal compartments, presumably at its (so far elusive) recycling subdomain (Geldner et al., 2003) . Nonetheless, studies have shown that GNOM predominantly localizes to the GA and that after BFA treatment, it translocates to the TGN/EE (Naramoto et al., 2014) . Colocalization studies of GNL1 and GNOM revealed their close, but not completely overlapping, localization to the same GA stacks. Defects in the secretion of polysaccharides and secGFP in gnom and gnl1 mutants, respectively, hint at a role in regulating the transport of different cargos (Shevell et al., 2000; Teh and Moore, 2007) . Immunogold labeling of plant coatomers localized all COPI subunits only to the GA stacks or in their close vicinity (Pimpl et al., 2000) . Interestingly, GNOM and GNL1 localize to the GA in ring-like structures (Naramoto et al., 2014) similar to the ring-like distribution of COPI (Pimpl et al., 2000) . This spatial correlation of the localizations of COPI and ARF-GEFs to the GA hints at a so far unclear role for GA-based, COP-mediated trafficking in the basal polar targeting of PIN proteins and possibly other cargos. Further research should clarify the so far elusive role of COPI in intracellular trafficking in plants and its possible involvement in polar trafficking. ES4 could be used as a tool to help dissect the roles of a coatomer and the GA in general polar trafficking processes in plants.
METHODS

Plant Material and Growth Conditions
Seeds of Arabidopsis thaliana were stratified for 2 d in the dark at 4°C and grown vertically at 21°C under continuous white light emitted by fluorescent lamps with an intensity of 120 µmol m −2 s −1 on 0.8% agar half-strength Murashige and Skoog medium (Duchefa) with 1% sucrose (pH 5.9). The Arabidopsis lines PIN2 pro :PIN1-HA eir1-1/pin2 ; DR5 pro :GUS (Ulmasov et al., 1997) ; N-ST-GFP (Batoko et al., 2000) ; 35S pro :PID21 (Benjamins et al., 2001 ); BRI1 pro :BRI1-GFP (Friedrichsen et al., 2000) ; CLC2 pro :CLC2-GFP (Konopka and Bednarek, 2008) ; VHAa1 pro :VHAa1-GFP (Dettmer et al., 2006) ; PIN1 pro :PIN1-GFP (Benková et al., 2003) ; 35S pro :GFP-PIP2a (Cutler et al., 2000) ; PIN2 pro :PIN2-GFP (Xu and Scheres, 2005) ; GNOM pro :GNOM-GFP (Geldner et al., 2003) ; (Richter et al., 2007) ; 35S pro :GFP-MAP4 (Marc et al., 1998) (Xu and Scheres, 2005) ; axr2-1 (Wilson et al., 1990) ; ben1-1 and ben1-2 (SALK_013761) (Tanaka et al., 2009) ; big3 (SALK_044617) (Richter et al., 2014) ; rcn1 (Garbers et al., 1996) ; gnl1-2 and gnl1-3 (Teh and Moore, 2007) ; gnom R5 (Geldner et al., 2004) ; van7 (Koizumi et al., 2000) ; snx1-1 (Jaillais et al., 2006) ; chc1-2 (SALK_103252) and chc2-2 (SALK_028826) (Kitakura et al., 2011); and vti12 (Surpin et al., 2003) have been described previously. The Columbia (Col-0) accession was used for immunolocalization, transmission electron microscopy, FM4-64 uptake, and as the wild-type control in the seedling growth experiments, except for growth of rcn1 and gnom R5 and van7 for which the Wassilewskija (Ws) and Landsberg erecta (Ler) accessions were used, respectively.
Chemical Treatments
Stock solutions of BFA (Sigma-Aldrich), ES4 (Chembridge ID 6938485), and FM4-64 (Invitrogen) were prepared in DMSO and diluted in liquid half-strength MS (or growth) medium for treatments with the indicated concentrations and times. Equal volumes of solvents were used as mock treatments for controls. For germination and growth of seedlings on ES4 and BFA, seeds were sown directly onto ES4/BFA/ES4+BFA-supplemented growth medium. For polar localization and DR5 pro :GUS experiments, 3-d-old seedlings were transferred for 48 h from solid growth medium to solid medium supplemented with ES4. For shorter treatment (4 h) of DR5 pro :GUS, 5-d-old seedlings were transferred to liquid medium supplemented with ES4. After treatment, the seedlings were stained overnight at 37°C in darkness in GUS staining buffer [100 mM Na-phosphate buffer, pH 7, 0.1% Triton X-100, 10 mM EDTA, pH 8, and 2 mM of each K 3 FeIII(CN) 6 and K 4 FeII(CN) 6 ] containing X-Gluc to visualize GUS activity. X-Gluc was added at a final concentration of 1 mg/mL from a freshly prepared 10-mg/mL stock dissolved in DMSO. For BFA treatments, 5-d-old seedlings were pretreated for 30 min with ES4 before the addition of 25 µM BFA to the treatment for a further 90 min. For BFA washouts, 5-d-old seedlings were treated with 25 or 50 µM BFA for 2 h, followed by 30 min of wash treatment. For FM4-64 uptake experiments, after 2 h of treatment, 5-d-old seedlings were transferred directly to 2 µM FM4-64 in treatment medium on ice for 5 min, followed by two washes in treatment medium on ice. Endocytosis was started by removing seedlings from the ice-cold conditions. For visualization of vacuolar GFP labeling, 5-d-old seedlings were transferred directly after 2 h of treatment with 41 µM ES4 to 8 µM FM4-64 in treatment medium on ice for 5 min, followed by two washes in treatment medium on ice and transferred to 41 µM ES4-supplemented growth medium and incubated vertically in darkness for 4 h. For live imaging and transmission electron microscopy, 5-d-old seedlings were transferred for 2 h to treatment medium. For induction of HSP18.2 pro :ARF1 expression, the plates were incubated at 37°C for 2 h followed by ES4 treatment for 2 h at room temperature.
Immunolocalization and Transmission Electron Microscopy of Roots
Whole-mount immunolocalization on 5-d-old seedlings of Arabidopsis was done with the InSituProrobot (Intavis) according to the described protocol (Sauer et al., 2006) . Primary antibodies and final dilutions were as follows: rabbit anti-PIN1 (Paciorek et al., 2005) , 1:1000; rabbit anti-PIN2 (generously provided by C. Luschnig), 1:1000; and mouse anti-HA (AbCam/HA.C5), 1:500. Secondary antibodies and final dilutions were as follows: Cy3 anti-rabbit (Sigma-Aldrich), 1:600; and Alexa488 anti-mouse (Invitrogen), 1:600. Root tips of 5-d-old Col-0 seedlings untreated and treated for 2 h with 41 μM ES4 were excised and processed as described (Tanaka et al., 2009) .
Yeast Strains and Media
The diploid heterozygous and homozygous gea1 deletion mutants generated by the International Deletion Consortium were obtained from EUROSCARF. BY4743 and BY4742 were used as the diploid wild-type control for the diploid heterozygous and gea1 homozygous deletion mutants, respectively. Yeast cells were grown on standard rich medium (yeast extract/peptone/dextrose [YPD]) with and without ES4. For analysis of growth rate and ES4 sensitivity, BY4743 cells were grown in 1 mL liquid YPD medium in 50-mL Falcon tubes for 4 h at 28°C with shaking at 200 rpm to an OD 600 of ∼1. After 4 h, 2 μL of the liquid cell culture was transferred into 96-well plates containing 198 μL of liquid YPD with mock treatment or with different concentrations of ES4 (17, 21, 28 , and 41 µM) at a final OD 600 of ∼0.1 and grown overnight at 28°C with shaking in a H1 Microplate Reader (BioTek). The deletion mutants were grown under 17 µM ES4 and mock treatment as described for the wild type.
Quantitative and Statistical Analyses
For PIN polarity quantification in the cortex, the ratio of the cell numbers with basal PIN2 to the total number of cortical cells was calculated from the confocal laser scanning microscopy images of the root apical meristem. For polarity of PIN2 pro :PIN1 in epidermal cells, the ratio of the cell numbers with basal, both basal and apical, or apical PIN localization was compared with the total number of epidermal cells from the confocal laser scanning microscopy images of the root apical meristem. For analysis of the gravitropic response, 5-d-old seedlings grown vertically in light were gravistimulated by a 90° rotation (Col-0). PIN2 pro :PIN1-HA pin2 seedlings were gravistimulated twice, at the 5-d-old stage and 24 h after the first gravistimulation. The bending angle was measured with Java-based ImageJ software (http://rsb.info.nih.gov/ij/) 48 h after the first gravistimulation. All gravitropically stimulated roots were assigned to one of the eight 45° sectors on the gravitropism diagram. The length of the bars in the diagram represents the percentage of seedlings assigned to the respective sector. Wild-type root lengths and hypocotyl lengths were measured with ImageJ software. For mutant root lengths, the ratio of the root length of seedlings grown on ES4 and that of seedlings grown on mock medium was calculated with ImageJ software. For quantification of FM4-64 and PIN2-GFP internalization, the ratio of the mean pixel intensity of the internal cell fluorescence and the mean pixel intensity of the adjacent PM fluorescence was obtained by ImageJ. The size of the PVC/MVBs was calculated with ImageJ software. For the quantification of intracellular aggregations of ARF1-XFP in transgenic fluorescent marker lines, Imaris software version 9.1.2 was used utilizing a surface identification algorithm for counting the aggregations. The parameters were set using images acquired for the wildtype mock treated sample (ARF1 WT -EYFP; see Figure 7 ). Next, the whole wild-type image set was analyzed and quantified and subsequently (using the same Imaris parameters) all images of ARF1-XFP fluorescent marker lines (ARF1
Q71L
-EYFP and ARF1
T31N
-ECFP) were analyzed. The minimal aggregation (spot) size (XY diameter) considered for detection was set at 0.7 µm. The results were presented as the number of aggregations in the whole field of view. For the yeast growth assay, the growth curves of 12 strains (including wild types) were analyzed, each grown with mock treatment or in the presence of 17 µM of ES4. OD 600 of the cell density was determined every 2 h for nine time points. Three or two replications per strain per experiment for ES4 or mock treatment were done, respectively. The statistical significances of differences of data were quantified with Student's t test, Mann-Whitney U test, or ANOVA (Supplemental Table 3 ).
Construct Generation and Cell Culture Transformation
The BIG1 and BIG4 fragments without stop codons were amplified by PCR with iProof high-fidelity DNA polymerase (Bio-Rad) from wild-type Col-0 genomic DNA with the following primer pairs with Gateway systemcompatible attB sites: BIG1 forward 5′-GGGGACAAGTTTGTACAAAAAAG-CAGGCTTCATGTCGTCGTCGCAGAAC-3′ and BIG1 reverse 5′-GGG-GACCACTTTGTACAAGAAAGCTGGGTTTTCATCCATCATTGCACCC-3′; BIG4 forward 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGT-CAACGTCACAAACC-3′ and BIG4 reverse 5′-GGGGACCACTTTGTA-CAAGAAAGCTGGGTAAGCCAAAATAGGACCAAT-3′. The PCR products were then introduced into pDONR221 donor vectors (Invitrogen). The cDNA fragments of BIG3, GNL1, and GNL2 were synthesized with Gateway system-compatible attL sites (Invitrogen) and introduced into the pG9m-2 vector (Gen9 Company). A 1694-bp fragment of the RPS5A promoter was introduced into the pDONRP4-P1R donor vector. The entry clones pDONRP4-P1R-pRPS5A, pDONR221-BIG1/BIG3/BIG4/GNL1/ GNL2, and pDONRP2R-P3-HA were recombined in a multisite LR reaction with pH7m34GW (Invitrogen) as the destination vector. All clones were confirmed by sequencing. The generated constructs were used for transformation of dark-grown Arabidopsis PSB-D cell suspension cultures as described previously (Van Leene et al., 2007) .
DARTS Assays
The DARTS assay for validation of protein interactors of ES4 was performed as described (Lomenick et al., 2011) . Arabidopsis PSB-D cell cultures were used for total protein extraction. All extraction steps were performed at 4°C. After harvesting, the cells were ground in liquid nitrogen, resuspended in total protein extraction buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% IGEPAL CA-630, and Roche cOmplete ULTRA protease inhibitor cocktail, EDTA free) at a 1:2 (w/v) ratio, and centrifuged to discard the cell debris. After determining the protein concentration with Quick Start Bradford 1× dye reagent (Bio-Rad), the cell lysate was split into LoBind tubes and incubated with the respective chemical (BFA or ES4) at 250 µM concentration for 30 min at room temperature with slow mixing (control treatments were with equal volumes of DMSO). The used concentrations were much higher than the biologically relevant doses in order to saturate the protein with ligand and ensure maximal protection from proteolysis (Lomenick et al., 2011) . The treated protein extracts were further aliquoted, and each of the aliquots was mixed with Pronase (Roche) at the corresponding dilution prepared in Pronase buffer (25 mM Tris-HCl, pH 7.5. and 150 mM NaCl) to achieve the aimed ratio of total enzyme to total protein substrate. After incubation for 30 min at room temperature, the proteolytic digestion was stopped by adding the protease inhibitor cocktail (Roche) and the tubes were left on ice for 10 min. The protein samples were then mixed with 4× NuPAGE LDS sample buffer (Invitrogen), heated at 70°C for 10 min, and loaded onto NuPAGE 4 to 12% Bis-Tris protein gels (Invitrogen). The protein transfer to PVDF membranes was performed using the iBlot dry blotting system (Thermo), and protein detection was done according to standard protein gel blotting procedures. The membranes were probed with the following antibodies: rabbit α-AtMIN7/BEN1/BIG5 (1:6000) (Nomura et al., 2006) , rabbit α-SEC7 (1:10,000) (Steinmann et al., 1999) , rat α-HA (1:1000; Roche), and rabbit α-ATPβ (1:2000) (Agrisera) as a reference for protein loading. The secondary antibodies were ECL α-rabbit/ rat IgG, horseradish peroxidase-linked whole antibody (GE Healthcare). Blots were developed with Western Lightning Plus-ECL, Enhanced Chemiluminescence Substrate (Perkin-Elmer), and imaging was done with the Bio-Rad ChemiDoc XRS+ molecular imager. Intensity of protein bands was measured with the Bio-Rad Image Lab software package, and the ratio between the compound-and mock-treated samples for each of the pronase concentrations was calculated.
Docking Simulation Settings
All water and ligands of crystal structures 1RE0 (yeast ARF1-GDP with GEA1-SEC7 domain in complex with BFA) (Mossessova et al., 2003) and 4JWL (human ARNO-SEC7 domain in complex with N-(4-hydroxy-2,6-dimethylphenyl) benzenesulfonamide) (Rouhana et al., 2013) were manually deleted from the PDB text file. The emptied structures were subjected to a local minimization with the GROMOS96 (43B1 parameter set) implementation within the Swiss-PdbViewer (Guex and Peitsch, 1997) , and polar hydrogens were added. Ligands were 3D-drawn with Avogadro 1.1.1 (Hanwell et al., 2012) and minimized with the built-in MMFF94s force field (Halgren, 1999) . The AutoDockTools 1.5.4 suite (Sanner, 1999) was used for pdbqt format preparation of the proteins and ligands. Dockings were performed with AutoDock-Vina 1.1.0 (Trott and Olson, 2010) . For local dockings on the 1RE0 ARF1-SEC7 structure in the interfacial space where BFA resides, the grid-box size was x, y = 24 Å and z = 30 Å centered at x = 45.0, y = 11.4, and z = 48.0, and for local dockings on the 4JWL SEC7 structure where its ligand resides, the grid-box size was x, y, z = 24 Å centered at x = 0.6, y = 40.1 and z = 59.0; exhaustiveness for both was set at 32. Blind dockings were with grid-box sizes encompassing the full protein structure(s): x, y, and z = 50 Å centered at x = 47.4, y = 20.8, and z = 49.2 for the GEA1-SEC7 domain of 1RE0 (chain B only), and x, y = 50 Å and z = 60 Å centered at x = 9.2, y = 39.7, and z = 46.9 for the ARNO-SEC7 structure of 4JWL; exhaustiveness for both was set at 124. Visualization was with PyMOL (DeLano Scientific).
Image Analysis
Imaging was done on LSM 710 (Zeiss), LSM 700 (Zeiss), and Leica SP2 confocal laser scanning microscopes.
Protein Expression and Purification
N-terminally truncated bovine ∆17ARF1 (identical to the human form) was expressed, purified, and loaded with GDP prior to use as described (Zeeh et al., 2006 , and BIG1 SEC7 were produced in Escherichia coli and purified as described (Benabdi et al., 2017) . Expression in E. coli and purification of full-length human ARNO (ARNO FL ) will be described elsewhere. All proteins were >90% pure, as controlled by SDS-PAGE (Supplemental Figure 9A ) and had high GEF activity toward ARF1.
Nucleotide Exchange Assays
Inhibition was analyzed by fluorescence kinetics as described (Benabdi et al., 2017) . Briefly, nucleotide exchange kinetics were monitored by the change in tryptophan fluorescence that follows the conformational change from ARF-GDP to ARF-GTP (excitation and emission wavelengths of 292 and 340 nm, respectively). Exchange rates (kobs) were determined from monoexponential fits over the entire kinetics and expressed as a percentage of control activity. Experiments were performed with 1 μM ∆17ARF1 and ARF-GEFs at either 100 nM (ARNO SEC7 or ARNO ) with 50 µM ES4 or DMSO for control. It should be noted that ES4 slightly reduces the fluorescence intensity (Supplemental Figure 9B) , which is due to absorbance at 290 nm (Supplemental Figure 9C) , explaining why kinetics measured with the compound have a lower plateau. This effect is not due to inhibition and is taken into account by fitting the entire kinetics curve rather than using initial velocities.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: PIN1 (At1g73590), PIN2 (At5G57090), PIP2a (At3G53420), VHAa1 (At2g28520), CLC2 (At2G40060), N-ST (AJ243198), BEN1 (At3G43300), SYP61 (AF355754), GNL1 (At5G39500), ARF1 (At2g47170), GNOM (At1g13980), BRI1 (At4g39400), PID (At2g34650), CHC1 (At3g11130), CHC2 (At3g08530), SNX1 (At5g06140), VTI12 (At1g26670), RCN1 (At1g25490), AXR2 (At3g23050), BIG3 (At1g01960), FABD (AT4G26700), and MAP4 (M72414).
Supplemental Data
Supplemental Figure 1 . Chemical screen of a set of 11 small molecules implicated in polarity changes.
Supplemental Figure 2 . Characterization of the effects of ES4. Supplemental Figure 9 . SDS-PAGE and fluorescence intensity and absorbance of ES4.
Supplemental
Supplemental Table 1 . Yeast deletion strains used in the growth assay.
Supplemental Table 2 . Docking-calculated affinities.
Supplemental Table 3 . ANOVA tables.
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